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Aluminum/nitrocellulose (Al/NC) mesoparticles, assembled from nanoparticle components by spray-drying have
previously been shown to have enhanced reactivity relative to Al nanoparticle aggregates, despite being
significantly larger. The assembly approach is based on the premise of the NC acting as a gas generator to
disperse the fuel nanoparticles prior to their sintering/combustion. Here we demonstrate this premise by direct
observation of individual particle burning with ~ ps and ~ pm precision, by a high-speed camera coupled to an

intensifier and a microscope. During the combustion of Al/NC mesoparticles, smaller burning particles are
scattered outward. Such “firework-like” trajectories occur due to the decomposition of NC, which generates gas
to disassemble the Al particles within the mesoparticle, reducing sintering and promoting the oxidation. While
the combustion of Al nanoaggregates exhibits isolated trajectories. Al/NC mesoparticles exhibit a ~60 %
decrease in burn time compared to Al nanoaggregates due to “firework-like” explosion.

1. Introduction

Aluminum (Al) is widely used as an additive for propellant, explo-
sives and pyrotechnics due to its high energy density [1-3]. More
recently, Al nanoparticles have attracted increased attention due to their
lower ignition temperature and higher reaction rate [3-5] compared to
Al microparticles. However, the practical utilization of Al nanoparticles
faces challenges. One of these is particle sintering [6-8], where nano-
sized Al particles sinter into larger structures before or at the reaction
front. Sintering characteristic times are typically much lower than re-
action characteristic times [9], indicating that the rapid particle size
increase could result in the loss of nanostructure and, consequently, the
forfeiture of reactivity advantages. Quite a few methods have been
explored in previous studies to mitigate the sintering issue, for instance,
employing hollow carbon nanospheres [10] or carbon fibers [11-13] as
prohibitors, or igniting with an ultrahigh heating rate [14]. Apart from
the sintering issue, the addition of nano-sized Al particles into binder-
based propellant formulation creates processing challenges which
make the casting or printing more difficult [15].

One approach to mitigate some of these issues, is to integrate Al
nanoparticles and gas-generating binders into mesoparticles with di-
ameters on the scale of pm scale. This concept was first proposed and
demonstrated by Wang et al. [16] by creating micron-scale particles
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from Al nanoparticles and nitrocellulose (NC). Subsequent studies
incorporating oxidizer nanoparticles showed enhanced thermite reac-
tivity [17]. Jacob et al. [18] employed electrospray assembly to manu-
facture mesoparticles composed of Al nanoparticles and NC and
demonstrated the enhanced reactivity of Al/NC mesoparticles compared
to Al nanoparticles in lab-scale flames; while similar phenomena were
also reported in the application of Al/NC mesoparticles in solid pro-
pellants [19]. The improvement was attributed to the early gas-releasing
of NC, whose relatively low thermal decomposition temperature causes
the Al nanoparticles previously assembled in mesoparticles to disperse
prior to ignition and thus minimize sintering. Despite the demonstrated
significant advantages, electrospray assembly is constrained by its low
yield (typically in the magnitude of mg/h) [18], which poses a great
challenge for its industrial scalability. Chowdhury et al. [20] employed
spray-drying assembly to manufacture mesoparticles and found that
spray-dried mesoparticles had a similar reactivity compared to meso-
particles made by electrospray, but with a much higher yield (in the
magnitude of g/h). In this work, we assemble Al and NC to mesoparticles
by spray drying and combust them in temperature-controlled exhaust
hot gas of fuel-lean methane/oxygen/nitrogen quasi-premixed flames.
In-operando microscopic imaging is utilized to observe the burning
characteristics of Al/NC mesoparticles. It is the first time to have a direct
insight into Al/NC mesoparticle exploding process, and pivotal for
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understanding the combustion mechanism of mesoparticles.

2. Methods

The schematic of the burner (also commonly referred to as Hencken
burner) is presented in Fig. 1(a), and a more detailed description can be
found in our previous studies [18,21]. The burner chamber is filled with
stainless steel balls, with multiple tubes inserted into it. The mixture of
methane and nitrogen comes through the tubes. While oxygen is deliv-
ered through the gaps between the tubes and stainless-steel balls,
providing a uniform laminar outlet velocity, resulting in a quasi-
premixed flame above the burner. For the purposes of this study, the
burner is employed to produce a homogenous temperature field of hot
gas, into which particles are injected. At the center of the burner is a tube
(~1 mm ID) through which particles are carried by nitrogen and
injected into the flames. Before injection, particles are loaded into a
sealed chamber which is connected to a nitrogen carrier gas supply.
After injection, the aerosolized particles are of sufficient low density that
the burning behavior of each particle can be regarded as individual. This
is demonstrated by the microscopic imaging in Section 3. A total of four
post-flame environments are investigated in this work and their flame
conditions are summarized in Table S1 and S2 of Supplementary data.
They are all fuel-lean methane/oxygen/nitrogen flames, providing
oxygen-rich post-flame region, but have different equivalence ratios and
consequently have different adiabatic flame temperatures. The flow
rates of methane, oxygen, nitrogen for generating flame and nitrogen for
carrying particles are metered with four MKS mass flow controllers. The
equivalence ratios ¢ of the four flames are 0.25, 0.3, 0.35 and 0.4
respectively. The adiabatic temperatures calculated by Chemkin-Pro
[22] using the thermodynamic data of USC Mech II [23] are 1823, 2030,
2200 and 2338 K respectively. Temperature distributions along with the
flame height in post-flame regions are measured by the rapid insertion of
B-type thermocouple (OMEGA) with radiation heat loss correction
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[24-27] and the results are presented in Fig. 1(c). Thermocouple mea-
surement is detailed in the Supplementary data. With this configuration
flame temperature decreases with increasing height above the burner.
The maximum flame temperature (near the burner surface) is difficult to
measure by thermocouple, so the calculated adiabatic flame tempera-
ture is used as an upper limit estimation.

To directly observe the burning trajectories of individual particles in
flames, a high-speed camera (Vision Research Phantom VEQ710L)
coupled with a long working distance microscope objective (Infinity
Photo-Optical Model K2 DistaMax), and a high-speed intensifier
(Lambert HiCATT 25) are employed. Based on calibration, the imaging
system has a resolution of ~1.7 pm/pixel and all measurement are taken
at a vertical height of ~3 cm above the burner surface.

Imaging of the entire flame is also conducted with a high-speed
camera (Vision Research Phantom Miro M110) coupled with a macro
lens (Nikon), primarily for the estimation of particle burn time.

The spray-drying synthesis methodology of Al/NC mesoparticles has
been comprehensively discussed in our previous research [20], thus only
a brief description is presented here. First, solid NC is dissolved in a 3:4:3
(volume ratio) N, N-dimethylformamide (DMF): iso-propanol (IPA):
acetone mixture; then Al nanoparticles (100 nm, US Research Nano-
materials) is added to the mixture to form a suspension. For safety
reasons, the solid loading in Al/NC precursor suspension is low (10 mg/
mL). Then, the suspension is stirred for ~ 12 hrs and sonicated for ~ 1
hr. Finally, the suspension is atomized with a BUCHI B-290 Mini spray
dryer at a feed rate of ~ 12.5 L/min. Preheated argon at ~ 110 °C is used
as the drying gas with an inlet flow rate of ~ 360 L/min throughout the
spray drying process. The resultant particle internal structure is shown
in Fig. 1(b). DMF, IPA and acetone evaporate from the droplets, to
generate Al/NC mesoparticles which are collected by a cyclone-based
collector. The weight percentage of NC in Al/NC mesoparticles is 7.5
%, which has been demonstrated in our previous study [20] to be suf-
ficient for effectively dispersing the particles within the mesoparticle
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Fig. 1. (a) Diagram of Hencken burner and the diagnostics; (b) Al/NC mesoparticle spray-drying synthesis methodology, SEM image and the internal structure
diagram of Al/NC mesoparticle; (c) Measured methane/oxygen/nitrogen quasi-premixed flame temperature distribution (without any particles); (d) Particle size
distribution of spray dried Al/NC mesoparticles (histogram represents experimental data and dashed line represents fitted function).
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during combustion. The morphology and elemental distribution of Al/
NC mesoparticles is observed by scanning electron microscopy (SEM,
FEI Nova NanoSEM 450) coupled with energy dispersive X-ray spec-
troscopy (EDS). A representative SEM image is shown in Fig. 1(b), and
the distribution of particle sizes is shown in Fig. 1(d). Although the
diameter of mesoparticles is generally in the pm scale, we can still
clearly distinguish the outlines of nanoparticles within the mesoparticle.
EDS mapping results demonstrate that the distribution of Al in Al/NC
mesoparticles is very uniform. Additional SEM images and EDS maps are
presented in Supplementary data.

Commercial Al nanoparticles (100 nm) and microparticles (10 pm)
from US Research Nanomaterials are employed to compare with spray-
dried Al/NC mesoparticles. Nascent Al nanoparticles are included in this
study because Al/NC mesoparticles are an assembly of these nano-
particles; Al microparticles are included for comparison because the
diameter of Al/NC mesoparticles are on the pm scale. Although Al
nanoparticles have an average primary particle size in the nm scale, they
tend to heavily aggregated. Hence, it is more accurate to refer to them as
Al nanoaggregates hereafter. More details about all the materials
introduced in this paragraph are presented in Supplementary data.

3. Results and discussion

The combination of high-speed camera, microscopic objective and
intensifier enables the in-operando observation on the burning charac-
teristics of individual Al/NC mesoparticles as well as Al nanoaggregates.
As the enhancement of intensifier is not uniform across different
wavelengths, all intensified images are converted to grayscale to avoid
color misinterpretation. Fig. 2 shows some representative microscopic
images, captured by the high-speed camera operating at a sampling rate
of 19,000 fps, with the intensifier in “always-on” state. It should be
noted that a larger number of particle movements are not precisely
situated on the focal plane, hence their trajectories appear blurred or
even cannot be captured.

The most important observation and the motivating reason for this
work is the unambiguous result that mesoparticles dissemble; some
mesoparticles split into 2-3 parts, as shown in the right two subfigures in
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Fig. 2(a); while others undergo more violent disintegrations, releasing
numerous burning particles, forming “firework-like” trajectories, as
shown in the left three subfigures in Fig. 2(a). In contrast, the burning of
Al nanoaggregates only has isolated, and almost linear-shaped luminous
trails. No scattering trajectories can be observed. As for Al microparti-
cles, no burning trajectories can be observed because they cannot be
ignited within the temperature range we investigate.

The results in Fig. 2 are from an intensifier in the “always-on” state,
which shows streaks due to the framing rate limits in the high-speed
camera. However, if the intensifier is configured to operate as a fast
shutter, then motion can be captured as show in Fig. 3. In this case, the
resolution and focus position are unchanged, however the sampling rate
of high-speed camera is only 1000 fps, with an exposure time of 1 ms,
but the electronic shutter frequency of intensifier is set as 100 kHz, with
a gate of 1 ps, leading to 100 images per camera frame. We can see more
clearly in Fig. 3(a), the explosions of mesoparticles. Some of them just
split into two parts, as shown in the rightmost subfigure of Fig. 3(a) and
some of them explode to numerous pieces, as shown in the left two
subfigures of Fig. 3(a). While no signs of the disintegration of Al nano-
aggregates can be observed, since their burning trajectories are almost
perfect individual dotted lines, as shown in Fig. 3(b).

The velocities of particles can also be calculated by counting the dots
per frame. Not surprisingly, and despite the explosions, the velocities of
exploding Al/NC mesoparticles and Al nanoaggregates essentially at the
linear gas velocity (~10 m/s), since the characteristic relaxation time in
this size range is very short (~10 ps). Although the particles can be
ejected from the mesoparticles due to outgassing, they would quickly be
relaxed to the local gas velocity because of the drag force.

More microscopic images on exploding Al/NC mesoparticles can be
found in Figs. S3 and S4 in the Supplemental.

The “firework-like” trajectories of Al/NC mesoparticles burning
suggest the breakdown of mesoparticles before combustion, as shown in
Fig. 4. The thermal decomposition temperature of NC increases with
heating rate, from ~475 K at 5 K/min in thermogravimetric analysis
(TGA) [28] to ~575 K at 1.3 x 10° K/s in temperature-jump mass
spectrometry [29]. Although measuring the heating rate of particles in
the flame is beyond the scope of this study, it is undoubtedly

Fig. 2. Microscopic grayscale images of the combustion of (a) Al/NC mesoparticles and (b) Al nanoaggregates sampled at 19,000 fps (exposure time of camera: 50 ps,

intensifier in a “always-on” state).
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Fig. 3. Microscopic grayscale images of the combustion of (a) Al/NC mesoparticles and (b) Al nanoaggregates sampled at 1000 fps (exposure time of camera: 1 ms,

intensifier gate time: 1 ps, intensifier frequency: 100 kHz).
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Fig. 4. Mechanism for the enhanced combustion of Al/NC mesoparticles.

significantly higher than that of a TGA, suggesting a decomposition
temperature close to 575 K. Thus, when Al/NC mesoparticles are
dissembled by NO, NO,, CO, CH30, COq, etc. from NC decomposition
[29], this should primarily occur before Al ignition since Al nanoparticle
ignition is typically about 1000 K. It also implies that at the point of NC
decomposition, the temperature of Al/NC mesoparticle should be very
close to the flame temperature. The material density of NC is ~ 1 g/cm?
[30], while the densities of small molecular weight gases from the
decomposition of NC are generally on the order of magnitude of ~ 107
g/cm®, making them thousands of times less dense than solid NC. This
means that 7.5 wt% NC in mesoparticles can produce enough gas to
disperse the particles to a volume hundreds of times larger than that of
the initial mesoparticles.

Compared to the chemical modification method of Al nanoparticles
by surface functionalization [31] or coating [32,33], Al/NC meso-
particle is a physical strategy based on the gas generation from NC. This
outgassing process can effectively mitigate the sintering of Al particles,
pushing them away from each other, forming the “firework-like”

trajectories, as shown in Fig. 2(a) and 3(a). Combustion after exploding
is surely enhanced due to the higher specific surface area of particles and
less diffusion distance for surrounding oxygen.

Despite having primary particle sizes in nm scale, Al nanoparticles
are heavily aggregated (Fig. S1). Once these nanoaggregates are ejected
into flames, they are prone to severe sintering, thereby diminishing their
kinetic advantages as nanoparticles. They can hardly be dispersed to the
surroundings like Al/NC mesoparticles, and thus only have isolated
burning trajectories shown in Fig. 2(b) and 3(b).

Fig. 5(a-d) presents the typical macroscopic images of Al/NC meso-
particles, Al nanoaggregates, and Al microparticles in flames, with their
sampling rates and gains (G) indicated. Their scales and focus locations
are similar but not the same because of the separate experiments. It is
clear that most of Al microparticles are not ignited at all, since lumi-
nescent trajectories can hardly be observed. The burning trajectories of
Al nanoaggregates show a few isolated luminescent lines, which is
consistent with microscopic images. The burning characteristics of Al/
NC mesoparticles differs significantly from that of Al nanoaggregates,
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Fig. 5. Macroscopic images of Al/NC mesoparticles (a-b), Al nanoaggregates (c) and Al microparticles (d) in flames; burn time of the aforementioned three types of
particles under different flame conditions (e-f); SEM images of post-combustion products of the aforementioned three types of particles (g-i).

even when observed from a macroscopic perspective. At lower sampling
rates (6000 fps), the burning of Al/NC mesoparticles appears “cloud-
like”. When the sampling rate is elevated to 10,000 fps and the gain is
doubled, it becomes apparent that the “cloud” consists of the numerous
burning Al particles released from the explosion of Al/NC mesoparticles,
which is consistent with microscopic images.

Since the macroscopic high-speed videos on the particle burning in
flames have been obtained, it is straightforward to estimate the burn
time. Considering that the brightness of burning Al particle markedly
surpasses the methane flame background, burn time can be determined
by tracing the luminous burning trajectories frame by frame and then
multiplying the total number of frames by the interval time. For each set
of flame conditions, 80 burning trajectories are documented for each
particle type. Fig. 5 (e-f) illustrates the calculated average burn time of
three types of particles, at four different flame conditions. In general, the
average burn time shows very slight dependency on flame conditions.
For Al nanoaggregates, their average burn time is ~ 1.11 ms, which is
consistent to the “burn time — particle size” relationship map concluded
by Sundaram et al. [3] as well as Huang et al. [5] For Al/NC meso-
particles, their average burn time is only ~ 0.46 ms, which is very
similar to the results by Jacob et al. [18] on Al/NC mesoparticles syn-
thesized by electrospray. Average burn time of Al/NC mesoparticles is
lower than that of Al nanoaggregates by ~ 60 %. The Al nanoparticles
used for synthesizing Al/NC mesoparticles are the same as the Al
nanoaggregates for burning directly, which means their thermal prop-
erties and reactivity are the same. Therefore, the enhanced reactivity of
Al/NC mesoparticles should be primarily attributed to mesoparticle
exploding. For Al microparticles, their average burn time cannot be
calculated because most of them are not ignited in all four flame
conditions.

The post-combustion products are also characterized. A piece of
carbon tape, attached to the pin stub designed for SEM specimen, is
swiped quickly across the flame several times at the height of ~ 10 cm
above the burner. Post-combustion products deposit on the carbon tape
via thermophoresis, can be observed by SEM. Some representative

images are shown in Fig. 5(g-i) and more images can be found in Fig. S5
of Supporting Information. The ignition of Al microparticles relies on the
melting of the oxide shell, and thus has a much higher ignition tem-
perature (~2350 K) compared to that of Al nanoparticles (~1000 K) [3].
Given that the adiabatic flame temperature in this work ranges from
1823 to 2338 K, it is not surprising that Al microparticles fail to ignite.
The morphology of Al microparticles is almost unchanged before and
after the ejection into flames, exhibiting a highly uniform particle size
distribution centered at ~10 pm. For Al/NC mesoparticles, although
they also have an average particle size in pm scale initially, they explode
into small components, that do not sinter as much, leading to smaller
post-combustion product sizes. For Al nanoaggregates, we observe
larger post-combustion product, in some cases, up to ~50 pm. The
particle size distributions of these post-combustion products are pre-
sented in the Supplementary data. The average volume of post-
combustion product of Al nanoaggregates is 8x that of Al/NC meso-
particles. Thus, ex situ SEM images align with in-operando microscopic
imaging, i.e., Al/NC mesoparticles explode into smaller particles,
enhancing combustion rate.

4. Conclusion

In summary, high speed intensified microscopy is employed to image
the explosion process of Al/NC mesoparticles and the validation of our
conceptual model for how these structures behave.

A high-speed intensifier, a long working distance microscope
objective as well as a high-speed camera are combined to achieve high
spatial (~ps) and temporal (~um) resolution for in-operando imaging of
the explosion process of Al/NC mesoparticles. These experiments more
directly explain why Al/NC mesoparticles, despite their micron size, can
burn faster that Al nanoparticle aggregates. In-operando microscopic
images show that the burning of Al/NC mesoparticles exbibits “fire-
work-like” luminous trajectories, indicating that numerous smaller Al
particles are released from the breakdown of mesoparticles and pushed
to the surroundings; while the burning of Al nanoaggregates only
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exhibits a few isolated luminous trajectories. Al microparticles cannot be
ignited in temperature range investigated in this paper. Since the ther-
mal decomposition of NC occurs prior to the ignition of Al, the gas
released from NC can disperse the Al particles previously assembled in
mesoparticles, enabling them to burn with less sintering compared to Al
nanoaggregates. Mitigated sintering is also confirmed by SEM images of
post-combustion products.
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